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Rainfall attenuation mitigation is one of the important design factors considered in the deployment of 
outdoor wireless 5G networks, especially in the provision of services operating in frequency bands between 
10 – 100 GHz. In this current work, previous rainfall measurement and modelling campaigns undertaken 
at different locations in Africa are investigated using their available rainfall Drop Size Distribution (DSD) 
profiles from Joss-Waldvogel (JW) disdrometer. These locations of interest are found in Western, Central 
and Southern Africa at the following sites: Niamey (13°30ʹN, 2°10ʹE), Boyélé (2°50ʹN, 18°04ʹE), Abidjan 
(5°25ʹN, 4°W), Dakar (14°34ʹN, 17°29ʹW), Ile-Ife (7°30ʹN, 18°04ʹE), Durban (29°52ʹS, 30°58ʹE) and 
Butare (2°36ʹS, 29°44ʹE). A variant of the lognormal DSD, categorized as a lognormal Type II DSD — is 
considered as a statistical tool to analyze and compare the behaviour of DSDs at these locations, using its 
first and second derivative conditions. Furthermore, a semi-empirical approach is proposed to formulate 
the input parameters of the lognormal Type II distribution using two renowned parameters: percentage of 
rainfall rate exceeded (𝑃𝑃) and rainfall rate at 0.01% (𝑅𝑅0.01). An application of power-law regression fit is 
then utilized to extract the coefficients of these inputs from their DSDs at different locations in Africa. A 
comparison of the resulting site and climate models, with previous models using self-consistent rainfall rate 
predictions at 20 and 100 mm/h, shows reasonable agreement. Further validation is realized using specific 
attenuation prediction from Mie scattering technique with computations at frequency ranges up to 100 GHz 
— within the microwave and millimeter wave bands. More precisely, observations from these results show 
that climatic and geographic characteristics largely influence the DSD profile and expected rainfall 
attenuation at each location. 
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With the deployment of outdoor 5G wireless technologies still in its infancy in Africa, assigning 
operating frequency bands to end-users and relevant network operations remain a priority (Al-Falahy and 
Alani, 2017; GSM Association, 2018; Rappaport et al., 2013; Sulyman et al., 2016; Tikhomirov, 2018; 
Wang et al., 2018). Considering the massive number of participating devices projected to be hosted on 5G 
technology, it is an eventuality that emerging platforms like the Internet of Things (IoT) will dominate the 
application domain. Because of the greater emphasis on high data throughput and wider bandwidths, 5G 
wireless systems are already being conceived as an all-encompassing and non-band specific system in 
comparison to previous mobile communication systems (Tikhomirov et al., 2018; Wang et al., 2015). Thus, 
the pre-allocation of higher frequency bands – between 1 and 100 GHz - in the microwave and millimeter-
wave (mmWave) spectrum to serve this platform is crucial to actualizing the expected benefits of this 
system (GSM Association, 2018; Wang et al., 2015). Since radio propagation for outdoor use at frequency 
bands beyond 10 GHz is subject to the dynamic nature of atmospheric hydrometeors — of which 
precipitation is most widespread (Alonge and Afullo, 2012; Nandi and Maitra, 2018; Ojo et al., 2008), it is 
needful to consider its effect on such outdoor communication systems. In tropical, equatorial and 
subtropical locations, precipitation (or rainfall) results in rainfall attenuation, a widely known phenomenon 
capable of disrupting and degrading the transmission and reception of signals in outdoor wireless 
communication networks. Researchers have proposed the resolution of this issue via rainfall attenuation 
mitigation techniques, although, the International Telecommunication Union (ITU) radio wave 
recommendations are the most widely sourced approach in the wireless industry (Fukuchi and 
Chodkaveekityada, 2015; ITU-R P.838-3, 2005; ITU-R P.837-7, 2017; ITU-R P.618-13, 2017). Other 
approaches exist which rely on the dynamic rainfall attenuation mitigation technique, although they are 
significantly quite different from the static compensation method proposed in ITU propagation documents 
(Ahuna et al., 2019; Fukuchi and Saito, 2007; Nebuloni et al., 2015; Panagopoulos et al., 2004). 
In literature, the application of rainfall rate and rainfall drop sizes as suitable microstructural parameters 
are not just measurable indices, but also useful in evaluating and computing rainfall attenuation of 
spatiotemporal dimensions. The rainfall rate parameter is typically measured using a rain gauge, with 
proprietary-dependent design, while rainfall drop sizes are measured using a disdrometer. The rain gauge 
is highly recommended for point rainfall rate measurement, but by design, is unable to detect the spatial 
variability of existing raindrops in the atmosphere. Disdrometers, on the other hand, consider this spatial 
variability by binning arriving raindrops into designated diameter ranges; while juxtaposing their total 





less expensive using a rain gauge compared to a disdrometer. Therefore, it is usual to find more rain gauge 
measurement campaigns in comparison to campaigns undertaken using a disdrometer in literature. 
Globally, this is a major issue as the dominance of rain gauge measurements in most research on rainfall 
attenuation is almost a norm in wireless communication. In Africa, where research funds are often not at 
par with more developed countries, there are fewer locations where previous rainfall drop sizes 
measurements have been undertaken, compared to other global instances. In this current work, therefore, 
the focus is on Africa since the deployment of wireless 5G systems is at a nascent phase. Additionally, the 
obvious scarcity of data for both rain rate and raindrop size measurements on this continent is a limitation. 
Therefore, this research seeks to gain understanding and expand upon the knowledge obtained from 
previous measurements and modelling of rain rate and raindrop sizes at selected African locations.  
The development of probability distributions provides knowledge about the statistical significance and 
behaviour of microstructural parameters obtained from rainfall measurements as related to a geographic 
location. In practice, rain rate probability distribution as a tool could be applied to understand the behaviour 
of rain rate measurements over a defined period; this serves as an input for radio link planning and 
availability in both satellite and terrestrial communication systems (ITU-R P.837-7, 2017; Moupfouma and 
Martin, 1995; Paulson, 2017). Moreover, this distribution as a model, is important in the estimation of static 
rain-induced attenuation required to mitigate rainfall attenuation over terrestrial links or satellite links. The 
rain rate distribution, when compared with statistical distributions obtained from raindrop sizes, is unique 
because of the inclusion of the number of rainy days in a year. This distribution, therefore, tends to be 
similar at geographical areas with identical climatic characteristics. The rain rate distribution obtained at 
any location is regarded as a suggestive statistical curve with an underlying ‘retentive’ property. This 
property is reliant on the supposed number of annual rainy days, which distinguishes it entirely from the 
raindrop size distribution (DSD) in terms of functional behaviour. Conversely, rainfall DSD as a concave-
down statistical distribution does not consider the number of rainy days; it only provides information on 
the spatial variability of raindrop diameters present in the atmosphere during rain events. The entire 
population of available raindrop sizes observed during rain events, is paramount to time-varying rainfall 
attenuation level, as each drop contributes to the mechanics of scattering and absorption of the travelling 
radio waves in a rainy medium. This can only be determined using rainfall DSD concave down curves 
obtained from measurements at any defined location. 
Often, it is observed that rainfall DSD curves for different locations may have varied shapes and 
orientation in the distribution of its diameter spectrum, even at the same rainfall rate. This is due to the 





characteristics of each location. It, therefore, becomes obvious that the resulting attenuation at different 
locations may indeed differ by several decibels (dB), even at the same rainfall rate especially as high-
frequency bands are employed! In the real sense, no correlation has been established in literature between 
rainfall DSDs and rain rate distribution curves with regards to radio systems planning and design. Such 
investigation or knowledge, even if it exists, may be difficult to comprehend as the underlying distributions 
describing these two rainfall microstructures are typically different. It is on this premise that this study is 
undertaken, that is, to apply the retentive property of the rain rate distribution within the bounds of 
established DSD relationships from previous measurements across different sites in Africa.  
In this study, the climatic locations of previous measurements in Africa are mainly classified into 
tropical/equatorial, subtropical and semi-arid. The locations of Niamey (13°30ʹN, 2°10ʹE), Boyélé (2°50ʹN, 
18°04ʹE), Abidjan (5°25ʹN, 4°W) and Dakar (14°34ʹN, 17°29ʹW) were earlier studies undertaken by 
Sauvageot and Lacaux (1995) and Ochou et al. (2007). The location of Ile-Ife (7°30ʹN, 18°04ʹE) was 
previously studied by Ajayi and Olsen (1985). The locations of Durban (29°52ʹS, 30°58ʹE) and Butare 
(2°36ʹS, 29°44ʹE) were respectively discussed in the previous studies (Alonge and Afullo, 2013, 2014). 
Even though these DSD measurements and modelling have been undertaken in different parts of Africa at 
various periods, the objectives of this work will be restricted to the following: 
(i) To establish the existence of the underlying patterns in the behaviour of DSD models obtained 
at African locations, together, with the influence of raindrop diameter spectrum. This is 
important, more so, to determine the validity of the associative climatic classification proposed 
for each location in this work. 
(ii) To determine semi-empirically, the influence of rain rate distribution curves and its 
concomitant effects on DSD models and its input parameters. Here, it is pertinent to establish 
from previous measurements and existing models, the actual procedure required to formulate 
a relationship between rain rate and raindrop size. This may allow for the prediction of rainfall 
DSDs (and attenuation) for locations with similar climatic characteristics in Africa. 
 
This paper will accomplish these objectives - by first considering a suitable statistical DSD model for 
the proposed sites - and thereafter investigate its behaviour as will be seen in section 2; In section 3, a semi-
empirical formulation that combines both rain rate distribution and rainfall DSD model is proposed; In 
section 4, results obtained from the proposed models are discussed. Finally, the summary and conclusions 







2. Overview of Lognormal Distributions for Rainfall DSD Modelling 
In literature, certain statistical models which tend to satisfy DSD behaviours include the Weibull model, 
lognormal model, modified gamma model and negative exponential model (Afullo, 2011; Ajayi and Olsen, 
1985; Kumar et al., 2010; Marshall and Palmer, 1948). In tropical and subtropical climates, the modified 
gamma and lognormal distributions are exceptionally useful for modelling DSDs (Ajayi and Olsen, 1985; 
Kumar et al., 2010; Alonge and Afullo, 2012), whereas the negative exponential model is more appropriate 
for DSDs at temperate climates (Marshall and Palmer, 1948). The lognormal distribution for DSD, 
otherwise called lognormal DSD, is the most widely applied climate model at tropical and subtropical 
locations and is preferred over the modified gamma DSD due to its better DSD approximation of raindrops 
in the smaller diameter ranges (Ajayi and Olsen, 1985; Alonge and Afullo, 2012). From literature sources, 
lognormal DSDs applied in radio engineering design and hydrology studies are typically classified under 
two distinct categories: lognormal Type I and lognormal Type II DSDs. 
According to the works of Ajayi and Olsen (1985), Kozu and Nakamura (1991), and Timothy et al. 












�     for  𝐷𝐷 ∈ (0,∞)     [𝑚𝑚−3𝑚𝑚𝑚𝑚−1]     (1) 
 
Where: 
𝑁𝑁𝑡𝑡 is the raindrop population per unit volume in 𝑚𝑚−3, 
µ represents the mean of the natural logarithm of diameter, 𝐷𝐷, in mm, 
𝜎𝜎 is the standard deviation of the natural logarithm of diameter, 𝐷𝐷, in mm. 
 
The input parameters may be typically obtained from measurement by applying the method of moments 
(MoM) parameter estimation technique and consequently fitting these results by regression analysis (Ajayi 
and Olsen, 1985; Alonge and Afullo, 2012, 2013; Kozu and Nakamura, 1991; Timothy et al., 2002): 
 
𝑁𝑁𝑡𝑡 =  𝑎𝑎𝑜𝑜𝑅𝑅𝑏𝑏𝑜𝑜                      [𝑚𝑚−3]                                                 (1.1) 
𝜇𝜇 =  𝐴𝐴𝜇𝜇 + 𝐵𝐵𝜇𝜇𝑙𝑙𝑙𝑙(𝑅𝑅)          [𝑚𝑚𝑚𝑚]                                                 (1.2) 





where 𝑎𝑎𝑜𝑜 and 𝑏𝑏𝑜𝑜 are power-law coefficients related to 𝑁𝑁𝑡𝑡; 𝐴𝐴𝜇𝜇 and 𝐵𝐵𝜇𝜇  are logarithmic coefficients related to 
𝜇𝜇; 𝐴𝐴𝜎𝜎 and 𝐵𝐵𝜎𝜎 are logarithmic coefficients related to 𝜎𝜎. 
The second type is the lognormal Type II DSD, which is a modification of the lognormal Type I DSD, 









�     [𝑚𝑚−3𝑚𝑚𝑚𝑚−1]        for  𝐷𝐷 ∈ (0,∞)       (2) 
 
Where: 
𝐷𝐷𝑔𝑔 is the mean geometrical diameter of 𝐷𝐷,  
𝜎𝜎𝑔𝑔 is the standard geometrical deviation of 𝐷𝐷, while other parameters retain their valid definitions. 
In theory, lognormal DSDs of Type I and Type II design are not typically different from one another in 
structure, except for minor alterations in their input parameter functions. For instance, by substituting 𝜎𝜎 =
 𝑙𝑙𝑙𝑙�𝜎𝜎𝑔𝑔� and µ =  𝑙𝑙𝑙𝑙�𝐷𝐷𝑔𝑔� into the lognormal Type I DSD, the input parameters for the lognormal Type II 
DSD are obtained. Thus, we find that (1.2) and (1.3) could be modified to lognormal Type II DSD input 
parameters, with 𝑁𝑁𝑡𝑡 in (1.1) unaffected, such that: 
 
𝐷𝐷𝑔𝑔 =  𝑒𝑒𝑒𝑒𝑒𝑒�𝐴𝐴𝜇𝜇�𝑅𝑅𝐵𝐵𝜇𝜇                        [𝑚𝑚𝑚𝑚]                                     (2.1) 
𝜎𝜎𝑔𝑔 = 𝑒𝑒𝑒𝑒𝑒𝑒�𝐴𝐴𝜎𝜎 +  𝐵𝐵𝜎𝜎𝑙𝑙𝑙𝑙(𝑅𝑅)                  [𝑚𝑚𝑚𝑚]                                     (2.2) 
 
In this current work, the lognormal Type II is the preferred choice for modelling because of the ease 
for fitting its input parameters as power-law functions. Therefore, due to the need to also ensure uniformity 
for further derivations later in this paper, all sites where DSD measurements were previously modelled as 
lognormal Type I DSD functions will hence be standardized as lognormal Type II DSD functions. 
 
2.1 Characteristics of Lognormal Type II DSD Models at Measurement Sites 
Having affirmed the suitability of lognormal Type II DSD model for this study, the characteristics of 
this distribution at different measurement sites will be covered in this section. The description of 







2.1.1 Description of Measurement Sites in Africa 
A description of the rainfall DSD measurement at seven sites in Africa from previous measurement 
campaigns (from the late 1970s to 2010s) is hereby discussed and further highlighted in Table 1: 
 
1) Niamey (13°30ʹN, 2°10ʹE) is a Sahelian territory located in the south-western country of Niger with 
predominantly semi-arid climatic characteristics. The annual rainfall usually does not exceed 500 
mm and the average annual temperature is around 30°C (climate-data.org, 2019a). The background 
rainfall DSD measurements carried out at this location reflect the predominance of sparse rainfall 
pattern at this location (Ochou et al., 2007; Sauvageot and Lacaux, 1995).  
2) Boyélé (2°50ʹN, 18°04ʹE) is located North of Republic of Congo in Central Africa is characterized 
by equatorial/tropical climate, due to its proximity to Oubangui river, which is slightly north of the 
equator. The annual rainfall accumulation here is over 1300 mm, with the annual average 
temperature around 26°C (climate-data.org, 2019b). Previous rain DSD campaigns at this location 
have suggested the predominance of high rainfall rates coupled with large raindrop sizes (Ochou et 
al., 2007; Sauvageot and Lacaux, 1995). 
Table 1: Description of Sites of previous DSD Measurements and Modelling in Africa. 
Location Coordinates – 
Elevation (m) 
Climate Instrument 𝑹𝑹𝟎𝟎.𝟎𝟎𝟎𝟎 
(mm/h) 
Period 
Niamey 13°30ʹN, 2°10ʹE – 218  Semi-arid JW a52 d1989 (Jul. to Sept.) 
1988 (May to Jul.; Sept. to Dec.) 
Boyélé 2°50ʹN, 18°04ʹE – 330  Tropical JW a95 d1989 (Mar. to June) 
Abidjan 5°25ʹN, 4°W – 40  Tropical JW a85 d1986 (June; Sept. to Dec.) 
1987 (Jan. to Dec.) 
1988 (Jan. to June) 
Ile-Ife 7°30ʹN, 4°33ʹE – 242 Tropical JW b105 e1979 (Sept. to Dec) 
1980 (Jan. to Dec.) 
1981  (Jan. to Dec.) 
Durban 29°52ʹS, 30°58ʹE – 145 Subtropical JW c62 c2008 (Oct. to Dec.) 
2009 (Jan. to Dec.) 
2010 (Jan. to Dec.) 
Butare 2°36ʹS, 29°44ʹE – 1768 Tropical JW c92.5 c2012 (May to Dec.) 
Dakar 14°34ʹN, 17°29ʹW – 30 Semi-arid JW a54 d1997 (June to Sept.)  
1998 (June to Sept.) 
2000 (June to Sept.) 





3) Abidjan (5°25ʹN, 4°W) is located south of Ivory Coast. It is a coastal city in West Africa 
characterized by tropical climate due to its proximity to the Atlantic Ocean. The annual rainfall 
accumulation at this location is close to 1900 mm, with an annual average temperature close to27°C 
(climate-data.org, 2019c). Previous DSD campaigns at this location have observed high rain rates 
with the occurrence of large raindrops (Ochou et al., 2007; Sauvageot and Lacaux, 1995). 
4) Ile-Ife (13°30ʹN, 4°33ʹE), a south-western site in Nigeria located in West Africa is characterized 
by a tropical climate with annual rainfall accumulation close to 1400 mm and an annual average 
temperature of about 27°C (climate-data.org, 2019d). Like other previous locations, high rain rates 
and large raindrops are prevalent from previous rain DSD measurements (Ajayi and Olsen, 1985).  
5) Durban (29°52ʹS, 30°58ʹE), a location in south-eastern South Africa with subtropical climatic 
characteristics, where a mix of tropical and temperate features are available. Unlike tropical 
locations, the annual rainfall is about 1000 mm and the annual average temperature is around 21°C 
(climate-data.org, 2019e). Also, wide occurrences of smaller rain droplets and fewer occurrences 
of high rain rates have been observed in previous DSD campaigns at this location (Alonge and 
Afullo, 2013, 2014).  
6) Butare (2°36ʹS, 29°44ʹE), also called Huye, is a south-western location in Rwanda precisely placed 
in Central Africa, is characterized by equatorial/tropical climatic characteristics. The annual rainfall 
may not exceed 1200 mm and the average temperature here is around 21°C (climate-data.org, 
2019f), due to its high elevation of almost 1750m above sea level. Previous studies have suggested 
larger raindrop sizes at this location due to its high elevation (Alonge and Afullo, 2013). 
7) Dakar (14°34ʹN, 17°29ʹW), a coastal city located in Senegal, West African is a country 
characterized by semi-arid climate because of the influence of the Sahara Desert. The annual 
rainfall here is less than 500 mm with an average annual temperature of 25°C (climate-data.org, 
2019g). Consequently, there are sparse rainfall occurrences as obtained in observations from 
previous DSD measurements (Ochou et al., 2007). 
 
Measurements at these locations were all undertaken using an impact-type disdrometer of the Joss-
Waldvogel (JW) design at 1-minute sampling interval, implying similar measurement error(s) for 
equipment at each site. The JW disdrometer is an instrument which measures and sorts raindrop sizes into 
20 separate channels within a diameter range of 0.359 mm to 5.373 mm, at an accuracy of ±5%. The issue 
of different measurement periods at each location due to non-simultaneous measurement campaigns is 





Another important issue is the effect of elevation at each location, which is necessary for radio planning 
in satellite and terrestrial communication. While the elevation at these locations is essential as it gives an 
idea of the mechanics and nature of rain droplet formation and coalescence at heights above sea level, it is 
largely exempted in this paper. To this end, only three major climatic zones in Africa are considered in this 
work: Tropical climate (Boyélé, Abidjan, Ile-Ife and Butare), subtropical climate (Durban) and semi-arid 
Climate (Niamey and Dakar). 
 
2.1.2 Refitting of lognormal Type II DSD Model Parameters at Selected Sites  
For the Joss-Waldvogel design applied in previous measurement campaigns in Africa, the rainfall DSD 
is computed from measurement as thus (Bartholomew, 2009): 
 
𝑁𝑁(𝐷𝐷) =  
𝑙𝑙𝑖𝑖
𝐴𝐴𝐴𝐴𝑣𝑣𝑡𝑡∆𝐷𝐷𝑖𝑖
      [𝑚𝑚−3𝑚𝑚𝑚𝑚−1]                                                    (3) 
 
where 𝑙𝑙𝑖𝑖 is the total number of drops per unit volume measured by disdrometer, 𝐴𝐴 is the instrument 
sampling area given by 0.005 𝑚𝑚2, 𝐴𝐴 is the sampling time given as 60 seconds,  𝑣𝑣𝑡𝑡 is the terminal velocity 
of arriving raindrops in the atmosphere and ∆𝐷𝐷𝑖𝑖 represents the diameter interval between successive classes 
of each diameter bin. 
In literature, the Method of Moment (MoM) parameter estimation approach in Kozu and Nakamura 
(1991) and Timothy et al. (2002) is often applied to obtain the unknown input parameters of the Type II 
lognormal distribution described in (2). A raw moment generating function is employed as described in 
Kozu and Nakamura (1991) and Timothy et al. (2002). The moment number, 𝑀𝑀𝑛𝑛, required is equivalent to 
nth unknown parameters in the lognormal Type II DSD model. In this study, unknown parameters already 
determined from previous works are applied at each of the selected seven African locations (Ajayi and 
Olsen, 1985; Alonge and Afullo, 2013, 2014; Sauvageot and Lacaux, 1995; Ochou et al., 2007), even 
though such functions could either be lognormal Type I or lognormal Type II DSDs. However, all these 
parameters have been refitted and remodified, while maintaining the self-consistency of the DSD. To obtain 





           [𝑚𝑚𝑚𝑚/ℎ]                                      (4) 
 






Table 2: Refitted Input Parameters of the lognormal Type II DSD for Selected Locations in Africa 
 
Location 
INPUT LOGNORMAL PARAMETER 
𝑵𝑵𝒕𝒕 (m-3) 𝝈𝝈𝒈𝒈 (mm) 𝑫𝑫𝒈𝒈(mm) 
Niamey 54.897𝑅𝑅0.5414 1.4928𝑅𝑅−0.012 0.9437𝑅𝑅0.1449 
Boyélé 73.432𝑅𝑅0.4379 1.4246𝑅𝑅−0.009 0.9598𝑅𝑅0.1646 
Abidjan 75.2887𝑅𝑅0.5591 1.3437𝑅𝑅−0.001 0.9847𝑅𝑅0.1236 
Ile-Ife 108𝑅𝑅0.363 1.4525𝑅𝑅−0.021 0.8228𝑅𝑅0.199 
Durban 262.16𝑅𝑅0.3992 1.3028𝑅𝑅0.016 0.731𝑅𝑅0.1457 
Butare 95.621𝑅𝑅0.304 1.3119𝑅𝑅0.0122 0.9416𝑅𝑅0.184 
Dakar 70.694𝑅𝑅0.6213 1.4145𝑅𝑅−0.003 0.9474𝑅𝑅0.1083 
 
Table 2 presents a summary of the refitted input parameters for the lognormal Type II DSD obtained 
in Niamey, Boyélé, Abidjan, Ile-Ife, Durban, Butare and Dakar. Each of these functions is dependent on 
the prevailing rainfall rate, 𝑅𝑅, as obtained from their previous models. These new input functions will 
hereby be applied forthwith for further discussions in this study. 
 
2.2 Behaviour of Lognormal Type II DSDs over Measurement Sites 
Apart from the classified climatic features at these proposed locations and the presented DSD results 
in Table 2 from previous measurement campaigns, very little is known about the similarities in their DSD 
features. Therefore, the behaviour of lognormal Type II DSDs at each African location is investigated in 
this section by employing differential calculus methods — comprising of the first and second derivatives 
of the DSD, 𝑁𝑁(𝐷𝐷).  
 
2.2.1 Behaviour of Type II Lognormal DSD under First Derivative Test Conditions 
The derivative calculus process begins by determining the first derivative of (2) which is obtained by 




= 𝑁𝑁′(𝐷𝐷) = 𝑎𝑎𝑁𝑁(𝐷𝐷)                                                             (5) 
 






𝑎𝑎 =  −





                                                                   (5.1) 
 
The critical diameter of (2) is obtained by assuming that when  𝑁𝑁′(𝐷𝐷) = 0, the maximum point of the 
concave down distribution is attained. This critical diameter, 𝐷𝐷𝑐𝑐, at the maximum DSD peak is given by:  
 
𝐷𝐷𝑐𝑐 = 𝑒𝑒𝑒𝑒𝑒𝑒 �𝑙𝑙𝑙𝑙�𝐷𝐷𝑔𝑔� −  𝑙𝑙𝑙𝑙2�𝜎𝜎𝑔𝑔��       [𝑚𝑚𝑚𝑚]                                              (6) 
 









�     [𝑚𝑚−3𝑚𝑚𝑚𝑚−1]                                 (7) 
 
It becomes obvious that the local maximum of the lognormal Type II DSD model, 𝑁𝑁(𝐷𝐷𝑐𝑐), is a function 
defined by critical diameter, 𝐷𝐷𝑐𝑐, and is dependent on 𝜎𝜎𝑔𝑔 and 𝐷𝐷𝑔𝑔. A plot of the variation of 𝐷𝐷𝑐𝑐 and 𝑁𝑁(𝐷𝐷𝑐𝑐) 
with varying rainfall rates is obtained at all the selected African locations in Figure 1. Since 𝑁𝑁𝑡𝑡, 𝜎𝜎𝑔𝑔 and 𝐷𝐷𝑔𝑔 
are all dependent on the rainfall rate as observed in Table 2, it becomes easy to plot the behaviour of 𝐷𝐷𝑐𝑐 
and 𝑁𝑁(𝐷𝐷𝑐𝑐) in (6) and (7) against rainfall rate, as seen in Figures 1(a) and 1(b) respectively. 
In Figure 1(a), the critical diameter, 𝐷𝐷𝑐𝑐, of each DSD when plotted against corresponding rainfall rates 
(up to 110 mm/h) is observed to increase at each location as rainfall rate increases. In Butare, Boyélé and 
Ile-Ife, these plots are similar due to prevailing tropical characteristics which influence the prevalence of 
larger raindrop sizes. Surprisingly, plots for Niamey and Abidjan are equally similar, notwithstanding their 
different climatic characteristics. This implies that Abidjan — being a tropical city closer to the coastline 
— is characterized by a significant population of rain droplets with smaller diameter during rain events. On 
the other hand, Durban (subtropical) and Dakar (semi-arid) are observed as coastal cities with raindrops of 
smaller critical diameters, irrespective of the prevailing rainfall rate. 
In Figure 1(b), the plots are mainly related to the preponderance of rain droplets at maximum DSD 
peaks. Here, designated coastal areas are expected to have higher densities of rain droplets at any rainfall 
rate compared to other locations due to their roles in the land-sea convection process. Hence, we observe 









Figure 1: Variation of Rainfall Rate under First Derivative Conditions: (a) Critical diameter (𝐷𝐷𝑐𝑐) versus 
rainfall rate (b) Maximum DSD 𝑁𝑁(𝐷𝐷𝑐𝑐) versus rainfall rate.
 
locations like Butare, Niamey, Boyélé and Ile-Ife. In effect, all inland locations tend to behave similarly — 
with their near-vertical plots implying fairly constant values of maximum DSD peaks while transiting from 
low rain rates to high rain rates. Investigations by first derivative analysis suggest that proximity to large 
water bodies, such as oceans and seas, may influence the critical diameters attained by DSD profiles at 
these locations. 
 
2.2.2 Behaviour of Lognormal Type II DSD under Second Derivative Test Conditions 
While the first derivative test of the DSD function has proven useful in the determination of local 
critical diameters of DSDs, the second derivative test will, however, help determine the nature of its critical 
point and concavity. We consider the second derivative of the lognormal Type II DSD, which is modified 
from (5) as given by, 
𝑑𝑑2{𝑁𝑁(𝐷𝐷)}
𝑑𝑑𝐷𝐷2
= 𝑁𝑁"(𝐷𝐷) =  𝜔𝜔𝑁𝑁′(𝐷𝐷) +  𝑐𝑐𝑁𝑁(𝐷𝐷)                                              (8) 
 
Whereas the constants, 𝜔𝜔 and 𝑐𝑐, are rainfall dependent given by Alonge (2019) as: 
 
𝜔𝜔 =  −





























































𝑐𝑐 =  −





                                                             (8.2) 
 
A variation of (8) with rainfall rate is thus undertaken to understand the behaviour of Type II lognormal 
DSDs at different locations. Figure 2 demonstrates the variation of 𝑁𝑁"(𝐷𝐷) with 𝐷𝐷 at two assumed rain rates: 
low rain rate event (20 mm/h) and high rain rate event (100 mm/h).  
At a low rain rate of 20 mm/h, it is observed that 𝑁𝑁"(𝐷𝐷) is highest in Durban as seen in Figure 2 (a), 
followed by the values obtained in Dakar and Abidjan. At other locations, which are all inland, the values 
of 𝑁𝑁"(𝐷𝐷) are almost the same at this rainfall rate. This implies that DSD behaviour at any of these locations, 
except in coastal subtropical location like Durban, tends to behave likewise in the structure at low rain rates. 
At all locations, it can be found that the diameters of raindrop beyond 3 mm tend to contribute little to the 
profile of their respective DSDs.  
However, at a high rain rate of 100 mm/h, these DSDs vary significantly in behaviour as seen in Figure 
2(b), but with noticeably higher peaks observed in Abidjan and Dakar, while the peak in Durban is slightly 
reduced in comparison to observations at 20 mm/h. The inflection point (coinciding with 𝐷𝐷𝑐𝑐) observed in 
these 𝑁𝑁"(𝐷𝐷) plots are identified as the region of swift transition from concave down to concave up, 
confirming that these DSDs are always local maxima in nature. In addition, there is an increase in the value 
of 𝐷𝐷 where such transitions occur at 100 mm/h, which is consistent with observations under the first  
 
 
                                          (a)                                                                                (b) 
Figure 2: Second derivative of 𝑁𝑁(𝐷𝐷) over varied drop diameters across different locations in Africa with 















































derivative test for 𝐷𝐷𝑐𝑐. In Butare, Ile-Ife and Boyélé, 𝑁𝑁"(𝐷𝐷) curves at this rain rate tend to be similar in 
profile as already observed in Figure 1(a). In Niamey and Abidjan, 𝑁𝑁"(𝐷𝐷) peaks are different, but their 
critical diameters are quite close. In conclusion, it becomes obvious that major contributions to the DSD 
profile are typically determined by raindrops with diameters ≤ 4 mm at these locations in Africa. 
 
3. Proposed Semi-Empirical Formulation for Lognormal Type II DSD Inputs 
The behaviour of DSDs at selected locations was examined and confirmed earlier in section 2. In this 
section, semi-empirical set of functions are sought for lognormal Type II DSD inputs: 𝐷𝐷𝑔𝑔,  𝜎𝜎𝑔𝑔 and 𝑁𝑁𝑡𝑡 .  The 
semi-empirical method provides an advantage for obtaining these lognormal inputs without strictly 
exploring the underlying theories of the rainfall processes responsible for their existence, but rather 
considering the need for a robust model for radio planning. Thus, we assume that these new inputs must 
have complete dependence upon three known radio planning parameters: 𝑃𝑃,𝑅𝑅 and 𝑅𝑅0.01 which are – the 
percentage of time of rainfall rate is exceeded, the instantaneous value of rainfall rate and rain rate exceeded 
at 0.01% of the time corresponding to 99.99% of link availability respectively. Hypothetical functions for 
these lognormal Type II DSD inputs must, therefore, satisfy the following conditions: 
 
i. The input, 𝐷𝐷𝑔𝑔, is assumed equivalent to the product of a peak value, 𝐷𝐷𝑜𝑜, and a dimensionless 
scaling function, 𝑓𝑓(𝑃𝑃,𝑅𝑅,𝑅𝑅0.01), such that, 
 
𝐷𝐷𝑔𝑔 ≈ 𝐷𝐷𝑜𝑜𝑓𝑓(𝑃𝑃,𝑅𝑅,𝑅𝑅0.01),                                                               (9) 
 
ii. Similarly, the input,  𝜎𝜎𝑔𝑔, is assumed equivalent to the product of an assumed peak value, 𝜎𝜎𝑜𝑜, 
and a dimensionless scaling function, 𝑓𝑓(𝑃𝑃,𝑅𝑅,𝑅𝑅0.01), such that, 
 
 𝜎𝜎𝑔𝑔 ≈ 𝜎𝜎𝑜𝑜𝑓𝑓(𝑃𝑃,𝑅𝑅,𝑅𝑅0.01),                                                              (10)  
 
iii. Finally, in the case of 𝑁𝑁𝑡𝑡, will be assumed equal to the square root of the product of the ratio, 
𝐷𝐷𝑔𝑔
𝜎𝜎𝑔𝑔
,  and a dimensionless scaling function, 𝑓𝑓(𝑃𝑃,𝑅𝑅,𝑅𝑅0.01). This ratio is the inverse of the 
coefficient of variation of the lognormal Type II DSD. Thus, we have, 
 
𝑁𝑁𝑡𝑡2 ≈  
𝐷𝐷𝑔𝑔
𝜎𝜎𝑔𝑔
𝑓𝑓(𝑃𝑃,𝑅𝑅,𝑅𝑅0.01)                                                             (11) 
 
In all cases, 𝑓𝑓(𝑃𝑃,𝑅𝑅,𝑅𝑅0.01) is assumed as possessing shape-altering characteristics as the case may require. 
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�                                    (14) 
 
where 𝐷𝐷𝑜𝑜 and 𝛼𝛼 are unknown climatic constants related to 𝐷𝐷𝑔𝑔. Similarly,  𝜎𝜎𝑜𝑜 and  𝛽𝛽 are unknown climatic 
constants related to 𝜎𝜎𝑔𝑔, while, 𝜆𝜆 and  𝛾𝛾 are unknown climatic constants exponentially related to 𝑁𝑁𝑡𝑡. These 
unknown climatic constants are to be determined at each location using power-law regression analysis. 
Also, for each function,  𝑃𝑃 is a known parameter which is location-dependent and is defined as the rain rate 
distribution curve which is constricted by an mth fractional power.  
The inclusion of 𝑃𝑃 and 𝑅𝑅0.01 is accounted for in the works of Chebil and Rahman (1999) on tropical 
sites,  where 𝑅𝑅0.01 was found to be directly related to the average rainfall accumulation – similarly also 
suggesting a relationship with rainfall DSD inputs. For this work, 𝑃𝑃, is determined using the Moupfouma 
rain rate probability model which emulates rain rate distribution as a combination of lognormal distribution 
(at low and mean rain rates) and gamma distribution (at low rain rates) (Moupfouma and Martin, 1995). 
This model has been proven to work effectively at tropical sites in the determination of 𝑃𝑃 with minimal 
modelling errors (Chandrika et al., 2015; Chebil and Rahman, 1999; Mandeep, 2011). By definition, this 
distribution by Moupfouma and Martin (1995) is given as: 
 





exp [𝑢𝑢(𝑅𝑅0.01 − 𝑅𝑅)]�                                       (15) 
 
where R is the rain rate exceeded during for a probability, P, while the parameter 𝑏𝑏 is described as the shape 
characteristics of P is given by: 
 
𝑏𝑏 =  �
𝑅𝑅 −  𝑅𝑅0.01
𝑅𝑅0.01
� 𝑙𝑙𝑙𝑙 �1 +
𝑅𝑅
𝑅𝑅0.01
�                                                 (15.1) 
 
In (15), parameter 𝑢𝑢 is the slope of the distribution often dependent upon the climatic characteristics of the 













�                                              (15.2) 
 
Since the model in (15) behaves like two distributions at its head and tail, it is important to ‘dampen’ 
and ‘reshape’ the effect of 𝑃𝑃, by applying a fractional power, 𝑚𝑚, so that its curve suddenly approaches a 
near-zero slope. From an empirical point of view, the range of such fractional power which satisfies this 
near-zero slope condition for a typical rain probability curve lies between 0.005 and 0.35. Thus, it is 
empirically established that 𝑃𝑃0.01 holds in both cases of (12) and (13), while 𝑃𝑃0.11 holds in (14).  
With the new approach in this paper, generating a DSD profile at a given rain rate, 𝑅𝑅, according to the 
proposed semi-empirical functions in (12), (13) and (14) could be undertaken as thus: 
(a) Determine 𝑅𝑅0.01 at your location in Africa from rainfall measurements or ITU documentation (ITU-
R P.837-7, 2017), or the Chebil-Rahman model (Chebil and Rahman, 1999). 
(b) Apply the Moupfouma rain rate model in (15) to estimate 𝑃𝑃 at a given rain rate, 𝑅𝑅, while inputting 
𝑅𝑅0.01 from (a). 
(c) By applying the unknown climatic constants (𝐷𝐷𝑜𝑜,𝛼𝛼,𝜎𝜎𝑜𝑜,𝛽𝛽, 𝜆𝜆 and 𝛾𝛾) at your desired location or 
climatic zone, generate 𝐷𝐷𝑔𝑔,  𝜎𝜎𝑔𝑔 and 𝑁𝑁𝑡𝑡 at your given rain rate, 𝑅𝑅, while including the appropriate 
values of 𝑅𝑅0.01 and 𝑃𝑃 from (a) and (b). 
(d)  Apply the Type II lognormal DSD model in (2) to generate the DSD profile for the specified 
diameter range by using the input parameters (𝐷𝐷𝑔𝑔,  𝜎𝜎𝑔𝑔 and 𝑁𝑁𝑡𝑡) determined from (c). 
 
For further clarity, the value of the unknown climatic constants in (12), (13) and (14) will be determined 
in the subsection that follows. 
 
3.2 Determination of Model Input Parameters of the Lognormal Type II DSD 
For radio link designs, the rainfall rate exceedance, 𝑅𝑅0.01, is important, especially when considering the 
probability of occurrence, 𝑃𝑃, which has an interesting ‘retention’ property as part of the rain rate distribution 
curve. However, due to the inclusion of 𝑃𝑃 and 𝑅𝑅0.01 because of their combined unique retention property, 


























�� =  λ[𝑓𝑓(𝑅𝑅,𝑅𝑅0.01)]𝛾𝛾                                                 (18) 
 
To accommodate other missing parameters, the right-hand side (RHS) of (16), (17) and (18),  
𝑓𝑓(𝑅𝑅,𝑅𝑅0.01) is assumed to be equivalent to the ‘specific’ rain rate ratio, 
𝑅𝑅
𝑅𝑅0.01
. The values of each parameter 
in these equations are known from the results of the previous models in Table 2, except for the case of 
𝑅𝑅0.01. This could similarly be obtained from rain measurements, using results in Chebil and Rahman (1999) 
or data from ITU-R P.838-3 (2017). Meanwhile, 𝑃𝑃 is obtained directly from the Moupfouma rain rate model 
To obtain the required regression coefficients for the left-hand side (LHS) function in (12), (13) and 
(14), a statistical procedure for regression fitting is designed by replacing 𝑓𝑓(𝑅𝑅,𝑅𝑅0.01) with 
𝑅𝑅
𝑅𝑅0.01
 and plotting 













                                                           (19) 
 
where 𝐷𝐷𝑜𝑜 and 𝛼𝛼 becomes the power-law coefficients resulting from the power-law regression fit from the 
plot. To obtain such a fit, all possible values of 𝐷𝐷𝑔𝑔 at each corresponding rain rate, 𝑅𝑅, are considered from 
the minimum and maximum range of possible rain rates at the given location. 












                                                           (20) 
 
where 𝜎𝜎𝑜𝑜 and 𝛽𝛽 are resulting in power-law coefficients from power-law regression fit. Again, to obtain this 
fit, the same approach applied in 𝐷𝐷𝑔𝑔 is employed. 





















    (a) 
 
     (b) 
 
    (c) 
Figure 3: Regression Analysis from (19) obtained for fitting related parameters, 𝐷𝐷𝑜𝑜 and 𝛼𝛼, for 𝐷𝐷𝑔𝑔 in (12) 
based on climatic zones (a) Tropical climate (b) Semi-arid climate (c) Subtropical climate.  
 
 
    (a) 
 
      (b) 
 
     (c) 
Figure 4: Regression Analysis from (20) obtained for fitting related parameters, 𝜎𝜎𝑜𝑜 and  𝛽𝛽, for 𝜎𝜎𝑔𝑔 in (13) 








Figure 5: Regression Analysis from (19) obtained for fitting related parameters, 𝜆𝜆 and  𝛾𝛾, for 𝑁𝑁𝑡𝑡 in (14) 


























































































































































where 𝜆𝜆 and 𝛾𝛾 are resulting in power-law coefficients from the power-law regression fit. Again to obtain 
this fit, the previous approach for other parameters are employed. 
To obtain the climatic power-law coefficients in (19), (20) and (21), data generated in Table 2 are 
applied in regression fitting based on individual locations and then, based on the climatic zoning described 
in 2.1.1. For clarity, Table 2 already shows the coefficients of the input models from previous DSD 
measurements at these sites in Africa. Figures 3, 4 and 5 present the proposed regression fitting procedure 
applied to obtain the power-law coefficients of 𝐷𝐷𝑔𝑔,  𝜎𝜎𝑔𝑔and 𝑁𝑁𝑡𝑡 at three African climatic zones: tropical, semi-
arid and subtropical. For each plot, the LHS of (19), (20) and (21) are the vertical axis, while the RHS is 
the horizontal axis equal to the scaled-function of 𝑓𝑓(𝑅𝑅,𝑅𝑅0.01) or 
𝑅𝑅
𝑅𝑅0.01 
. The plots for fitting the coefficients 
in (19) and (20), Figures 3 and 4 are fitted using a decaying power-law regression fit; while for the 
coefficients in (21), Figure 5 employs a growth power-law regression fit.  
 
3.3 Modelling Errors and Modelling Error Validation 
To determine the error statistics between the proposed formulations in this work (site and climate 
models) using (12) - (14), and the actual model in Table 2, the root-mean-square error (RMSE) is 
considered. This error statistic tool is mathematically given by: 
 
𝑅𝑅𝑀𝑀𝑅𝑅𝑅𝑅 =  �
1
𝑙𝑙
�(𝑂𝑂𝑖𝑖 −  𝑅𝑅𝑖𝑖)2
𝑛𝑛
𝐼𝐼=1
                                                               (22) 
 
where 𝑂𝑂𝑖𝑖 is the observed value representing modelling results from the previous model in Table 2 (this is 
the reference model) and 𝑅𝑅𝑖𝑖 is the expected result from the current model (proposed/site model or climate 
model). The outcomes obtained from (22) are separately presented for the proposed models in 3.3.1 and the 
climate models in 3.3.2.  
 
3.3.1 Results and RMSE Statistics Associated with Individual African Locations 
Table 3 presents the individual power-law coefficients for the input parameters of the lognormal Type 
II DSD described in (19) – (21) at each location across Africa. To compute RMSE for each of these 
parameters, the inputs of  𝐷𝐷𝑔𝑔,  𝜎𝜎𝑔𝑔and 𝑁𝑁𝑡𝑡 are generated using results in Table 3 using (12) – (14), then 









SITE PARAMETERS RMS Error 





𝑫𝑫𝒈𝒈 𝛌𝛌 𝜸𝜸 𝝈𝝈𝒐𝒐 𝜷𝜷 𝑫𝑫𝒐𝒐 𝜶𝜶 
Boyélé 12.726 0.0793 1.4284 -0.994 2.1217 -0.82 4.5523 0.0086 0.0107 
Abidjan 13.973 0.1004 1.3986 -0.985 1.7828 -0.861 19.4013 0.0087 0.0099 
Ile-Ife 12.798 0.0585 1.3784 -1.006 2.169 -0.786 8.1626 0.0064 0.0104 
Butare 11.902 0.0531 1.4416 -0.975 2.2525 -0.802 3.0940 0.0054 0.0074 
Niamey 12.719 0.1037 1.4945 -0.994 1.7562 -0.837 7.1137 0.0121 0.0133 
Dakar 14.034 0.1132 1.4736 -0.983 1.5386 -0.872 24.6530 0.0150 0.0153 
Durban 15.024 0.0633 1.4599 -0.966 1.3992 -0.837 27.3968 0.0089 0.0092 
 
Boyélé, Ile-Ife and Butare are similar; this is attributed to their unique placements as inland tropical locations. 
For this parameter, coefficients in Abidjan seem to be slightly higher due to its coastal tropical feature. In 
Niamey and Dakar, the coefficients of 𝑁𝑁𝑡𝑡 are also close due to the semi-arid climatic designation of both 
sites. However, as earlier discussed in 2.2.1 and 2.2.2, Durban has a higher coefficient value of 𝑁𝑁𝑡𝑡 due to 
its coastal subtropical climate. For 𝜎𝜎𝑔𝑔, it is interesting to note that 𝛽𝛽 values are similar at all locations with 
values almost tending towards -1. There is no distinct behaviour in the trend of 𝜎𝜎𝑜𝑜 irrespective of the climate 
in Africa. For  𝐷𝐷𝑔𝑔, the mean geometrical diameter tends to be higher at tropical locations (Boyélé, Abidjan, 
Ile-Ife and Butare), especially at inland sites. Besides Niamey and other inland locations, it is noticed that 
the value of 𝐷𝐷𝑜𝑜 is particularly lower in Abidjan, Dakar and Durban compared to other regions; this suggests 
a preponderance of smaller rain droplets. These are all coastal areas where it is widely perceived that ocean 
currents play a huge role in the mechanics of rainfall and raindrops present in the atmosphere. 
The RMSE obtained at all locations for 𝜎𝜎𝑔𝑔 and 𝐷𝐷𝑔𝑔 implies that average error deviation at all locations 
may exist between 10−2 and 10−3. This implies reasonable agreement with the previous models from which 
the sites models were developed. In the case of 𝑁𝑁𝑡𝑡, the general RMSE may not exceed 30 as this input 
parameter is a scaling parameter to the typical lognormal distribution. Typically, the site models developed 
for each location in this work fairly compare to results obtained in Table 2. More comparison of these 
locations will be discussed in Figures 6 and 7. 
 
3.3.2 Results and RMSE Statistics Associated with Classified Climatic Zones in Africa  
  To obtain climatic zone parameters for the input functions in (20), (21) and (22), data generated in 





law regression fitting procedure is employed as earlier observed in Figures 3, 4 and 5 to generate a new set 
of parameters based on the climatic zones in Africa. The corresponding coefficients of 𝑁𝑁𝑡𝑡, 𝜎𝜎𝑔𝑔 and 𝐷𝐷𝑔𝑔  for 
the lognormal Type II DSD for these climatic zones are hereby presented: 
 
(a)  Tropical climatic zone: 
       λ = 12.886, 𝛾𝛾 = 0.0746; 𝜎𝜎𝑜𝑜 = 1.4084, 𝛽𝛽 = −0.991; 𝐷𝐷𝑜𝑜 = 2.0629, 𝛼𝛼 = −0.819   
(b)  Semi-Arid climatic zone: 
       λ = 13.404, 𝛾𝛾 = 0.1099; 𝜎𝜎𝑜𝑜 = 1.484, 𝛽𝛽 = −0.998; 𝐷𝐷𝑜𝑜 = 1.6351, 𝛼𝛼 = −0.857   
(c)  Subtropical climatic zone: 
       λ = 15.024, 𝛾𝛾 = 0.0633; 𝜎𝜎𝑜𝑜 = 1.4599, 𝛽𝛽 = −0.996; 𝐷𝐷𝑜𝑜 = 1.3992, 𝛼𝛼 = −0.837   
 
In observing the above results, some comments are worth mentioning: Firstly, the coefficients yielding 
the highest values of 𝑁𝑁𝑡𝑡 are found in the subtropical zone of Africa (Durban), this agrees with the earlier 
claim of higher density occurrence of smaller raindrops at this location. Also, the raindrop density at semi-
arid zone appears to be higher compared to observations at tropical zones. Secondly, considering the 
coefficients of 𝜎𝜎𝑔𝑔, the subtropical zone is again found to have the highest values implying that either 
extreme of raindrop diameters at this location is distant from the mean, 𝐷𝐷𝑔𝑔, compared to observations in 
tropical and semi-arid regions. This is suggestive of a wider DSD curve at this subtropical site due to the 
presence of raindrops in all disdrometer channels. Only locations in tropical zone appear to have the 
smallest values of 𝜎𝜎𝑔𝑔 — suggesting narrower DSD curves due to the absence of raindrops in some channels 
at most rain rates. Finally, coefficients of 𝐷𝐷𝑔𝑔 are highest at locations in tropical zones implying the presence 
 






𝑵𝑵𝒕𝒕 𝝈𝝈𝒈𝒈 𝑫𝑫𝒈𝒈 
 
Tropical 
Boyélé 30.66 0.0286 0.0477 
Abidjan 192.63 0.0517 0.1558 
Ile-Ife 26.92 0.0312 0.0733 
Butare 96.24 0.0575 0.1035 
Semi-Arid Niamey 123.92 0.014 0.079 
Dakar 157.83 0.0523 0.066 







of larger raindrop sizes. Conversely, the values of 𝐷𝐷𝑔𝑔 are smallest at the subtropical zone as expected due 
to the prevalence of smaller raindrop sizes, compared to other locations.   
The RMSE obtained at each location using the climatic zone models are presented in Table 4. Error 
statistics obtained for 𝜎𝜎𝑔𝑔 and 𝐷𝐷𝑔𝑔 are found to be minimal at all locations, irrespective of the applied climate 
model. This implies that these parameters are quite similar to their respective models and may be closely 
related across locations in Africa; this is not conclusive though. However, in the case of 𝑁𝑁𝑡𝑡, the error 
statistics observed at all locations are noticeably higher, irrespective of the model applied. At tropical 
locations, the climate model tends to have lower errors in Boyélé and Ile-Ife, indicating good agreement. 
This is followed by higher error statistics in Butare and Abidjan. Abidjan is particularly seen to have the 
highest RMSE for 𝑁𝑁𝑡𝑡; this is most likely due to the coastal nature of the tropical climate in comparison to 
other locations — which are all inland tropical. Since the drop concentration in Abidjan is higher compared 
to other investigated tropical sites, it is thus predicted that the climate model will underestimate 𝑁𝑁𝑡𝑡 here. At 
the semi-arid locations of Dakar and Niamey, RMSE due to 𝑁𝑁𝑡𝑡 is also higher mainly due to the semi-arid 
model being the combination of a coastal (Dakar) location and an inland (Niamey) semi-arid location. 
Finally, in Durban, the only coastal subtropical site in this study, 𝑁𝑁𝑡𝑡 remains unchanged as it is in Table 3.   
 
4.  Model Testing and Validation 
In this section, the performance of each proposed model, with inputs from the Moupfouma rain rate 
distribution model, is tested.  This is achieved by observing the behaviour of their respective rainfall DSD 
plots and rainfall specific attenuation plots at low and high rainfall rates as discussed in the sections that 
follow. 
 
4.1 Rainfall DSD Prediction from Proposed and Climate Models 
In Figures 6 and 7, plotted rainfall DSDs are compared using the model from previous (or actual) model 
(AM) in Table 2 with both proposed models (site model (SM) and climate model (CM)) from this work at 
two rain rates: low at 20 mm/h and high at 100 mm/h. The lognormal Type II DSD model is applied to 
generate all DSD profiles in these figures. The proposed SM is generated using input results in Table 3 as 
inputs to (12) – (14), while the proposed CM applies input results in Table 4. 
For low rain rate of 20 mm/h in Figure 6, DSD profiles from proposed SM are found to give a fairly 
good agreement with the actual model at most locations, although there are almost unnoticeable 
overestimations of large raindrop sizes in Durban, Ile-Ife, Niamey and Dakar. For the proposed CM, the 



















Figure 6: Comparison of the Proposed DSD and Tropical DSD Models with the Actual DSD Model at a 
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Figure 7: Comparison of the Proposed DSD and Tropical DSD Models with the Actual DSD Model at a 

















































































































































































































































Boyélé Abidjan Ile-Ife Butare Niamey Dakar Durban 
 
5 
AM 5.57 5.14 5.08 5.03 4.98 5.07 5.02 
SM 5.56 4.95 5.14 5.04 4.99 4.93 5.06d 
CM 5.14 5.77 4.63 5.29 5.53 5.33 5.06d 
 
20 
AM 21.89 20.45 20.17 20.40 19.89 20.01 20.13 
SM 22.75 20.65 21.37 21.01 21.11 21.34 21.60d 
CM 21.24 23.74 19.21 21.81 22.29 21.47 21.60d 
 
50 
AM 53.50 50.66 49.99 50.07 49.34 49.81 50.07 
SM 55.70 52.73 52.54 50.29 52.54 55.17 53.07d 
CM 52.17 57.96 47.42 53.51 54.67 52.80 53.07d 
 
75 
AM 79.11 75.54 74.55 73.52 73.59 74.46 74.75 
SM 81.04 78.43 76.65 71.46 73.95 79.55 74.76d 
CM 75.92 83.73 69.37 77.75 76.65 74.54 74.76d 
 
100 
AM 104.22 100.21 98.87 95.87 97.63 98.98 99.17 
SM 103.71 101.66 98.52 89.38 88.20 96.88 90.36d 
CM 97.105 105.99 89.39 99.21 91.16 89.53 90.36d 
dIn Durban, the site model is the same as the climatic model since this is the only subtropical model investigated in Africa 
 
and Boyélé. For large raindrop sizes, the proposed CM overestimates at Abidjan and slightly underestimates 
at Boyélé. The semi-arid model is found to slightly underestimate large drop sizes at Niamey and Dakar, 
while subtropical model overestimates the actual model in Durban. 
At a high rain rate of 100 mm/h presented in Figure 7, the proposed SM at most locations fairly agrees 
with the actual model. This is accompanied with overestimation of large raindrop sizes at Durban, Niamey 
and Dakar. Typically, the proposed CM at different location gives varying performance: For example, the 
tropical model appears to work better with the actual model from Butare and Ile-Ife, compared to the 
behaviour at Butare and Abidjan. The semi-arid model, on the other hand, agrees better with the actual 
model in Niamey compared to Dakar where larger drop sizes are slightly overestimated. The subtropical 
model is typically found to slightly underestimate the actual model in Durban.  
A comparison of the DSD performances of these new models (proposed model and climate model) with 





lognormal Type II DSD using the self-consistency rule governed by the rain rate equation in (4) is applied. 
The self-consistency (SC) rule implies that the random variable of a probability distribution should be 
recovered as some summative product of the moment of the probability function. The resulting rain rates 
from all compared DSDs are computed from the moment expression of the lognormal Type II DSD using 
(4). An observation of Table 5 shows that five rainfall rates have been considered in this comparison at all 
locations: 5 mm/h, 20 mm/h, 50 mm/h, 75 mm/h and 100 mm/h.  
Generally, it is observed that the site models (SM) and climatic models (CM) at all locations tend to be 
self-consistent at rainfall rates of 5 mm/h with general prediction error not exceeding ±1 mm/h. At 20 mm/h, 
it is noted that the self-consistency values for the actual model and proposed models are well within the 
range of ±4 mm/h at all locations. At 50 mm/h, the prediction error for all proposed models is within ±6 
mm/h. For a rainfall rate of 75 mm/h, the prediction error observed at all locations for all the models 
considered may not exceed ±9 mm/h. Finally, at 100 mm/h, the prediction error for the computed self-
consistency values at all locations may not exceed ±12 mm/h.  
Also, the predicted rainfall rate from self-consistency computations using proposed models (SM and 
CM) tend to yield a higher prediction error as the input rainfall rate becomes larger. This is directly linked 
to DSD model limitations arising from any typical DSD measurement, where high rainfall rates always 
have fewer samples for regression fitting, resulting in bias errors as described in Kozu and Nakamura 
(1991).  
 
4.2 Rainfall Specific Attenuation Prediction from Proposed and Climatic Models over Selected Bands 
The specific attenuation due to rainfall is an important parameter applicable in the design of outdoor 
wireless radio systems across different frequencies in the microwave and millimeter wave spectrum. By 
assuming that each rain droplet contributes individually to the overall scattering and absorption of 
propagated radio waves, it is possible to extend this definition to the total population obtainable from 






                [𝑑𝑑𝐵𝐵/𝑘𝑘𝑚𝑚]               (23)  
 
where 𝑁𝑁(𝐷𝐷𝑖𝑖) is the raindrop size distribution at the ith channel in 𝑚𝑚−3𝑚𝑚𝑚𝑚−1, 𝑄𝑄𝑠𝑠𝑒𝑒𝑡𝑡(𝐷𝐷𝑖𝑖) is the extinction 





 The ECS is influential to the estimation of the incidence area in the rainy medium where the energy 
loss occurs due to the scattering and absorption occurs. To estimate the ECS, the Mie scattering technique 
is assumed to be dependent upon the droplet size, ambient temperature and droplet frequency as described 
in Odedina and Afullo (2010). By applying (23) at different frequencies related to the complex refractive 
index of water, the specific attenuation due to rainfall is computed at the investigated locations in Africa. 
The ambient (annual) temperature is assigned for each location as follows: Durban and Butare (21°C), 
Niamey (30°C), Abidjan, Boyélé, Dakar and Ile-Ife (27°C). Furthermore, the behaviour and performance 
of specific attenuation predictions of the proposed DSD models are observed at two rain rates: low at 20 
mm/h and high at 100 mm/h respectively, for transmission bands up to 100 GHz. Values of 𝑁𝑁(𝐷𝐷) for the 
actual model are similarly computed using results from lognormal inputs in Table 3, while 𝑁𝑁(𝐷𝐷) for the 
site and climate models are computed using results in Tables 4 and 5 respectively. The ITU models for 
vertical and horizontal polarization in ITU-R P.838-3 (2005) are applied as reference standards to compare 
the performances of the models under consideration. 
In Figures 8(a) - 8(g), it is observed that the ITU models overestimate each of the specific attenuation 
plots for each location at 20 mm/h. Typically, the ITU models tend to agree with computations from the 
actual, site and climate models for frequency bands up to about 10 GHz – beyond this level, a divergence 
is noted. At this rain rate, the site model tends to agree with the actual model in Butare, Abidjan and Boyélé, 
however, there are slight overestimations at other locations. For the climate models; the tropical model 
underestimates predictions from the actual model at Ile-Ife, overestimates predictions at Butare and Abidjan 
and agrees fairly well in Boyélé. For the semi-arid model, an overestimation of the actual model is found 
in Niamey while a fair agreement exists in Dakar. In Durban, both the site and subtropical models 
overestimate the actual model.  
In Figures 9(a) - 9(g), the ITU-R model overestimates all other models at 100 mm/h except in the 
coastal cities of Durban, Abidjan and Dakar where some of these models are closer to ITU vertical 
polarization models. For the site models in Ile-Ife, Abidjan, Dakar and Boyélé, there is an agreement with 
the actual model. However, each site model still underestimates the actual model in Butare, Durban and 
Niamey respectively. The tropical model, on the other hand, tends to overestimate the actual model at 
Butare, giving fairly accurate results in Boyélé, and then, underestimates in Ile-Ife and Abidjan. The semi-
arid, however, tends to perform better in Niamey compared to Dakar. In a related way, the subtropical 
model similarly underestimates the actual model in Durban. 
Generally, each site model tends to give a good approximation of the predicted specific attenuation due 



















Figure 8: Comparison of Predicted Specific Attenuation due to Rainfall from Actual and Proposed DSD 
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Figure 9: Comparison of Predicted Specific Attenuation due to Rainfall from Actual and Proposed DSD 
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often provide a glimpse into the behaviour of such DSDs at locations under such classifications. Because 
few locations in Africa have been applied in this study, the proposed climate models tend to show some 
measure of incompleteness inappropriately estimating the predicted specific attenuation. Besides, the lack 
of some specific features applicable to climatic and geographic characteristics at some locations, may result 
in an overestimation or underestimation of the climate model. This is glaringly observed in the cases of 
high elevation in Butare and coastal semi-aridness in Dakar – where the climate model may not necessarily 
fit the conditions initially assumed for their locations because of inherent natural modifications. 
 
5. Summary and Conclusions 
The need to move beyond the issue of sparse rainfall DSD measurements in Africa, as required in radio 
planning and the design of futuristic wireless systems like 5G, has been the motivation for this work. This 
paper achieves the purpose of understanding the nature, behaviour and the similarities of DSD profiles in 
Africa from the comparison of previous measurements using derivative techniques. Additionally, certain 
DSD characteristics were observed across different climatic zones, suggesting recognizable patterns in DSD 
shapes and profile for the continent. To this end, it was demonstrated that semi-empirical input functions 
for the lognormal Type II models could be assumed as dependent upon the location’s climatic coefficients, 
the rain rate exceedance probability (𝑃𝑃), the prevailing rainfall rate (𝑅𝑅) and rainfall rate exceeded at 0.01% 
of the time (𝑅𝑅0.01). Further validation of these results indicates that these proposed inputs agree fairly well 
with previous models, to an extent which is permitted by rainfall rate conditions, while at different 
transmission frequencies. This approach could therefore in the future be enhanced for accuracy, by using 
current data from rainfall rate and rainfall DSD measurements, provided it is undertaken simultaneously at 
different sites in Africa. There is more knowledge to be acquired in understanding the interplay of unknown 
factors required for further grouping climatic zones in Africa. For example, it might be interesting to 
observe how the inclusion of other geographical variables such as the location’s elevation or coastal 
proximity might improve these results, especially when considering a more robust rain attenuation model. 
However, the results obtained so far may form the basis of modelling DSD inputs solely as a function 
of known radio parameters essential for the design of terrestrial and satellite communication systems. In 
the future, the arguments put in this work could be refined and modified for other global locations beyond 
Africa to demonstrate its effectiveness. 
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